ABSTRACT: Characterization of factors influencing estrus and ovulation in sows may facilitate development of procedures for improving reproductive performance. The experiment was conducted in confinement during 1997 to 1999 using 174 Large White × Landrace sows. After weaning, sows were checked for estrus twice daily. In the 1st yr, transrectal ultrasound was performed once daily and in the 2nd yr twice daily at estrus and on every day until ovulation. The effects of lactation length (≤ 16 d, 17 to 24 d, 25 to 31 d or ≥ 32 d), parity (1, 2, or ≥ 3), season (winter, spring, summer, or fall) and weaning-to-estrus interval (3, 4, 5, or 6 to 8 d) and their interactions on estrual and ovulatory responses were studied. There was no effect of frequency of ultrasound on any response variable, so data across years were pooled. Percentage of sows expressing estrus within 8 d of weaning was influenced by lactation length (P < 0.001), with sows lactating ≤ 16 d (35.2%) less likely to express estrus than sows lactating ≥ 17 d (94 %). A parity × season interaction was observed (P < 0.001) for estrus, with the lowest expression in parity
Introduction
Limitations to reproduction in swine arise from a failure to accurately determine onset of estrus for timing inseminations and a failure of sows to express estrus shortly after weaning. Approximately 95% of sows express estrus between 3 and 8 d after weaning. Tubbs 2957 1 (73.0%) and parity 2 sows in fall (67.2%), compared with ≥ parity 3 sows (98.1%). No explanatory variable had a significant effect on weaning-to-estrus interval (4.4 d) or on follicle size at estrus (8.1 mm). Ovulation hour after onset of estrus was affected by weaning-toestrus interval (P < 0.01), with sows returning in 3 d ovulating at 46.2 h and between 6 and 8 d at 30.2 h. For sows that expressed estrus within 8 d of weaning, the percentage of sows ovulating was influenced by lactation length (P < 0.001) and weaning-to-estrus interval (P < 0.001). Sows that lactated ≤ 16 d were less likely to ovulate (78.0%) than those lactating ≥ 17 d (> 92%).
Sows that returned to estrus in 3 d were also less likely to ovulate (79.5%) than sows returning ≥ 4 d after weaning (> 92%). A parity × season interaction was also observed on ovulation (P < 0.001), with parity 1 and 2 sows less likely to ovulate after expressing estrus in fall and spring compared with parity 3 and greater sows. The data suggest lactation length, early return to estrus, and parity by season effects are associated with risk of failure to express estrus and ovulate.
(1995) observed that sows mated between 3 and 6 d after weaning had increased farrowing rates and litter sizes compared with sows mated between 7 and 15 d. Several factors have been reported to influence the interval from weaning to estrus including season, parity, and length of lactation . Sows that are inseminated greater than 24 h before ovulation have lower fertilization rates (Soede et al., 1995a) , farrowing rates (Nissen et al., 1997) , and litter sizes (Rozeboom et al., 1996) . The best predictor for time of ovulation is frequent detection of estrus, because time of ovulation occurs approximately 38 to 48 h after onset of estrus (Anderson, 1993; Weitze et al., 1994; Soede et al., 1995b) . Targeting insemination within 24 h before ovulation seems optimal for reproductive performance (Nissen et al., 1997) . However, this optimum breeding time may be difficult to predict without a more complete characterization of factors that alter the time of ovulation after onset of estrus. Reduced reproductive performance in sows is linked to season (Stork, 1979; Hurtgen and Leman, 1981) , parity (Love et al., 1993; Xue et al., 1994) , lactation length (Self and Grummer, 1958; Svajgr et al., 1974) , and weaning-to-service interval (Kemp and Soede, 1996) .
Determining the effect of variables on estrual and ovulatory characteristics could aid producers in determining the optimal time of insemination. This experiment evaluated effects of season, lactation length, parity, and interval from weaning to onset of estrus on return to estrus, follicle size during estrus, and the occurrence and time of ovulation as potential factors affecting reproductive performance.
Materials and Methods
The experiment was conducted in confinement over a 2-yr period during 1997 to 1999 using 174 Dekalb DK 44 Large White × Landrace sows. After farrowing, all females were weaned at 23.0 ± 5.2 d (mean ± SD, range 8 to 38 d). Sows were relocated to gestation crates and checked for estrus twice daily (between 0900 and 1000 and between 1500 and 1600) for 10 to 15 min using fence-line contact with a mature boar at the head of the crates. Onset of estrus was measured from the time from weaning (am or pm) to the time of first detected estrus (am or pm). In the 1st yr (n = 109) transrectal ultrasound was performed once daily (1700) at estrus and on each subsequent day until ovulation was completed. In the 2nd yr, ultrasound was performed twice daily (0700 and 1700) at estrus and on each subsequent day until ovulation was determined to be complete. All sows that did not express estrus by d 6 were evaluated by ultrasound to determine ovarian status. Ovaries were visualized using an Aloka 500V ultrasound system fitted with a transrectal 7.5-MHz linear transducer. Transrectal ultrasound was performed after fitting the transducer to a rigid, fixed-angle PVC adapter and lubricating the probe (Knox and Althouse, 1999) . Ovaries were monitored to determine the size of the three largest unovulated, noncystic follicles (≤ 12 mm). Ovulation hour was measured from the time (am or pm) when the female was first detected in standing estrus (0 h) to the time when ovulation was determined to be complete. Ovulation was determined to be complete when there were fewer than four follicles ≥ 6.5 mm remaining on the ovaries (relative to previous observations). (estrus in 3, 4, 5, or ≥ 6 to 8 d) , and their interactions were evaluated on the continuous variables follicle size on the 1st and 2nd d of estrus, time of ovulation after onset of estrus, the interval from weaning to ovulation, and the interval from weaning to estrus using linear mixed effects models (SAS Inst. Inc., Cary, NC). The model used for the latter variable excluded the interval from weaning to estrus. The blocking effect of month of measurement was fitted as a random effect and the rest of the terms in the model were considered as fixed effects. The response variables percentage of sows expressing estrus within 8 d of weaning and percentage of sows ovulating after onset of estrus were analyzed using a logistic mixed-effects model including the same effects as in the linear mixed effects models. A logistic model is suitable to analyze variables that are of a binary nature such as the presence or absence of estrus or ovulation (Agresti, 1990) . In a logistic mixed-effects model a logarithmic transformation of the proportion of sows showing the characteristic of interest (estrus or ovulation) divided by 1 minus the proportion is described using a linear mixed-effects model. The logistic estimators do not have a symmetric distribution; hence, the 95% lower and upper confidence interval limits are reported instead of the approximate standard error.
Statistical Analysis

Results
There was no significant effect of year on any measures of reproductive performance. The average parity of the sows was 2.5. These sows were weaned, on average, following a 23-d lactation. The average percentage of sows returning to estrus within 8 d of weaning was 86.2. On average, sows returned 4.4 d after weaning, with 16% returning 2 to 3 d after weaning, 41% returning on d 4, 30% on d 5, and 12% between d 6 to 8. Average follicle size at estrus was 8.1 mm and was 8.4 mm on the 2nd d of estrus. After onset of estrus, 86.8% of sows ovulated and the average time of ovulation was 43.8 ± 15.4 h (mean ± SD); 31.0% of sows ovulated by 24 h, 20.1% ovulated between 25 and 36 h, 33.3% ovulated between 37 and 48 h, 9.8% ovulated between 49 and 60 h, and 5.8% ovulated after 60 h. The weaning-to-ovulation interval averaged 6.2 d (ranging from 2.5 to 10.0 d).
Estrus
The weaning-to-estrus interval was not influenced (P > 0.10) by season, lactation length, or parity (Tables  1, 2 , and 3, respectively). Expression of estrus was influenced by lactation length (P < 0.001); sows lactating ≤ 16 d were less likely to express estrus than sows lactating ≥ 17 d (Table 2 ). Season and parity alone had no influence on estrual characteristics (Tables 1 and  3 , respectively). However, a parity × season interaction was observed (P < 0.001); lowest estrus expression was seen in parity 1 and parity 2 sows compared with ≥ parity 3 sows in the fall, whereas more parity 1 and 2 sows than parity 3 sows expressed estrus in the summer (Table 4) .
There was no significant effect of any variable on follicle size at estrus (Tables 1, 2 , 3, and 5, respectively). On the 2nd d of estrus, follicle size was influenced by weaning-to-estrus interval (P < 0.05), and sows that returned to estrus in 3 d had larger follicles than those returning after 4 d (Table 5 ).
An ultrasound examination of sows that failed to express estrus by d 6 after weaning revealed that all of the sows in this category had ovaries containing follicles < 6 mm and no corpora hemorrhagicam or corpora lutea.
Ovulation
Ovulation hour after onset of estrus was affected by weaning-to-estrus interval (P < 0.01); sows returning Row values without different superscripts do not differ (P > 0.10).
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in 3 d tended to ovulate later and sows returning between d 6 to 8 ovulated earlier than sows returning to estrus on d 4 and 5 (Table 5 ). The percentage of sows ovulating after expression of estrus was influenced by lactation length (P < 0.001) and weaning-to-estrus interval (P < 0.001). Sows that lactated ≤ 16 d were less likely to ovulate than those lactating for longer periods ( Table 2 ). Sows that returned to estrus in 3 d were also less likely to ovulate compared to sows returning ≥ 4 d after weaning (Table 5 ). Season and parity alone had no effect on reproductive characteristics (Tables 1 and 3, respectively) . However, a parity × season interaction was observed for ovulation (P < 0.001), and parity 1 and 2 sows were less likely to ovulate after expressing estrus in fall compared to ≥ parity 3 sows, whereas parity 1 and 2 sows were more likely to ovulate in winter than sows of parity 3 or greater (Table 6) . The weaning-to-ovulation hour was only influenced (P < 0.001) by the interval from weaning to ovulation (Table 5 ). The interval to return to estrus following weaning was longer so the weaning-to-ovulation hour also increased.
Daily ultrasound examination of sows that expressed estrus but failed to ovulate indicated that failure in this category was associated with multiple causes and included sows having small-to medium-sized follicles with (n = 3) or without (n = 4) single or multiple ovarian cysts (> 12 mm). These sows tended to express estrus for short (12 or 24 h) or intermittent estrus periods. Other sows that failed to ovulate expressed long estrus periods and maintained large follicles (6.5 to 12 mm) but these did not ovulate within 5 d (n = 3).
Discussion
For the breeding herd, reproductive performance after weaning is limited by expression of estrus and the occurrence of ovulation. Further, fertilization rate (Soede at al., 1995a), farrowing rate (Nissen et al., Row values with different superscripts differ (P < 0.001).
1997), and litter size (Rozeboom et al., 1996) depend on insemination occurring within approximately 24 h before the time of ovulation. Identifying factors that influence expression of estrus and ovulation may help improve breeding management. Results of this study indicate that short lactation length, short weaning-toestrus interval, and the fall season for parity 1 and 2 females predispose sows to failure in both estrus and ovulation. Collectively, these factors can severely limit reproductive performance in the breeding herd. However, it may be possible after factors are identified to alter management of sows in particular risk categories and minimize reproductive failure.
The sows used in the present study were typical of breeding herds in the United States (PigCHAMP, 1999) based on management, parity distribution (2.5 vs 3.1), and average lactation length (23 vs 18 d), respectively. The measures of reproductive performance were also similar to average U.S. herd performance, with an average interval of return to estrus of 4.4 d and 86% of sows returning to estrus within 8 d of weaning. This is similar to the 78% return in 7 d from the PigCHAMP summary report (1999) . Similarly, Dewey et al. (1994) observed that 68% of all sows return to estrus on d 4 to 5 after weaning. Interestingly, even more frequent estrus detection does not seem to influence the interval significantly; Kemp and Soede (1996) evaluated 24-d lactating sows from parities 1 to 5 and reported a 3.8-d return average, and Weitze et al. (1994) , using a similar observation interval, reported a 5.2-d average for 20-d lactating sows.
The average time of ovulation was approximately 44 h after onset of estrus and was similar to that reported by Soede et al. (1995b, 41 h) and Weitze et al. (1994, 45 h ) with ultrasound every 8 h. The time of ovulation should become more precise as both estrus detection and ultrasound frequencies increase. However, even with the once-and twice-daily regimens used for ultra- Row values with different superscripts differ (P < 0.05).
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sound in the present study, the mean ovulation time after onset of estrus, and onset of estrus after weaning, were not different and were very close to those means derived from studies with much more frequent observation. Further, as can be seen from reviews on time of ovulation (Soede and Kemp, 1997) , the time of ovulation and weaning-to-estrus intervals are quite variable. The inability to detect a clear trend in ovulation time based on frequency of estrus detection or ultrasound could reflect the great variation in expression of estrus and the determination of the moment of ovulation as they are influenced by subtle environmental effects.
Results of this study indicated that lactation length dramatically influenced return to estrus and ovulation when sows lactated less than 17 d. When lactation was short, a 60% decline in estrus expression and a 17% decline in ovulation was observed. In the 35% of sows lactating ≤ 16 d that did express estrus, no change in the weaning-to-estrus interval, follicle size, or ovulation hour was apparent. However, in early-weaned sows that do express estrus, even though follicular development and processes leading up to ovulation seem normal, sows fail to ovulate. Self and Grummer (1958) and Svajgr et al. (1974) observed that sows lactating less than 13 d take longer to return to estrus than those lactating > 21 d. In one of the studies, the earlierweaned sows showed a 20% ovulation failure due to development of cystic ovaries. Although we did not begin to perform ultrasound on sows until they expressed estrus and did not continue to observe sows after ovulation, some early-weaned sows in our own study could have developed this pathologic condition. Our failure to detect a longer interval to estrus in the 35% of sows that did return to estrus in the 8 d following weaning compared with the early-weaned sows in other studies could be explained due the averaging of return to estrus dates in excess of the number of days allowed for our study. Frequently, sows that return to estrus up to 2 to 5 wk after weaning could be included in the means. also observed that sows lactating 17 to 19 d had shorter weaning-to-estrus intervals than those lactating less than 17 d. We were not able to detect a similar difference, but the means from these two weaning ages were similar to those in our present study. We also did not observe an effect of lactation length on time of ovulation. Studies of ovulation with sows ranging in lactation length between 20 and 43 d have reported ovulation after onset of estrus between 37 and 45 h (Weitze et al., 1994; Dalin et al., 1995; Soede and Kemp, 1997) . Collectively, the data indicate that the primary failure in early-weaned sows is estrus expression and, to some extent, ovulation, but not time of ovulation after onset of estrus.
As has been previously reported (Weitze et al., 1994; Kemp and Soede, 1996) and confirmed in the present study, sows returning to estrus on d 3 after weaning tended to have delayed ovulation compared with those returning on d 4 to 5, whereas those returning on d 6 or later tended to show advanced ovulation. In the present study, only 16% of sows returned in 3 d or less, and only 12% returned between d 6 and 8, with the remaining 71% returning on d 4 and 5 following weaning. The 3-d weaning-to-estrus interval reduced the likeli-hood that sows expressing estrus would ovulate by 15% compared with those returning ≥ 4 d. It seems that sows returning early (d 3) and later (≥ d 6) would benefit from adjusted breeding times to compensate for altered times of ovulation and allow inseminations to occur within 24 h of ovulation. Reproductive failure in earlyreturning sows may also be linked to inherent ovulation failure. Therefore, poor reproductive performance, as it relates to short weaning-to-estrus interval, may not be remedied solely by adjusting timing of insemination.
Season and parity of the year did not influence our recorded measures of reproductive performance. Similar to our findings, Weitze et al. (1994) examined times of ovulation in parity 1 to 4 sows in spring and summer and also did not observe an effect. However, in this experiment as in other research studies, a significant season × parity interaction was detected. In the present study, both parity 1 and parity 2 sows were less likely to return to estrus in fall than parity 3 and greater sows. Seasonal reductions in farrowing rates in summer (Stork, 1979; Hurtgen and Leman, 1981) and fall (Hurtgen and Leman, 1981; Xue et al., 1994) have been reported. The lowered summer farrowing rates could be explained, in part, by spring reproductive failure; observed that spring-farrowing sows have longer weaning-to-service intervals, and we found parity 1 and 2 sows tended to show ovulation failure in the spring months. These observations could therefore translate to lowered farrowing rates in the summer months. Although the fall failure has been observed for many years, published research on this problem is limited. In the fall, Xue et al. (1994) observed that culling rates are higher for both primiparous and multiparous sows weaned in September than for those weaned in August. Cox et al. (1987) has demonstrated that sows ovariectomized at weaning and challenged with estradiol have a suppressed estrus response in the fall compared to other seasons of treatment. Britt (1986) has reported that part of the problem with the return to estrus in sows that farrow in summer or in early fall may be related to reduced feed intake resulting from elevated temperatures that typically occur during the summer and early fall months. Because it seems that performance declines in parity 1 and 2 sows in the fall are not uncommon, certain management approaches such as gonadotropin treatment (Bates et al., 1991) or enhanced nutritional supplementation (Britt, 1986) could help reduce the frequency of failure in these parity groups of sows in this season.
An examination of the causes of failure to return to estrus within an 8-d interval following weaning indicated that follicular development was delayed. Although not reported in this study, we observed that the average follicle size was 1 to 2 mm smaller at time of weaning and also at 3 d after weaning in those that would eventually fail to return to estrus in the 8-d interval. This suggests that in these sows the ovary may lack sufficient gonadotropin support or may be less responsive to endogenous gonadotropins. In the sows that expressed estrus but failed to ovulate, the reasons for failure included sows that had only small to medium-sized follicles. These sows were typically detected in estrus for short or even intermittent periods in the 8 d following weaning. It is not clear why these animals were standing under these conditions. In some sows expressing estrus and whose ovaries contained small to medium-sized follicles, a single ovarian cyst was sometimes observed. Other sows that expressed estrus did have large follicles but these did not ovulate within a 5-d observation period and did not form cysts. It would seem that reproductive failure in these postweaned sows can originate from multiple pathways.
It is not clear what factors might contribute to differences between studies in the observed season for reproductive failure, but in our study estrus and ovulation failure was much more profound for parity 1 and 2 sows in the fall than for those in the spring. The problem with comparing different data sets from different parts of the world may originate with the different grouping of months for the seasonal effects and the grouping of parities for analysis. Further, seasonal and parity effects may be reported by any one of the measures of reproduction, which may include farrowing rate, litter size, return to estrus following breeding, percentage of sows returning to estrus following weaning, and the length of the weaning-to-estrus interval. Taken as a whole, the ability of researchers to arrive at a consensus for parity and seasonal failure is diminished when accounting for differences in locations and genetics around the globe and for the different extremes in season and photoperiod during various studies.
Implications
Attention should be directed toward preventing potential problems in sows lactating less than 17 d, parity 1 and 2 sows in the fall, and sows that return to estrus within 3 d of weaning. These circumstances are all associated with reduced performance through estrus expression, ovulation, or both. Some of the failure in sows from any of these categories could be related to feed intake, and therefore enhanced nutritional programs for these sows in these groups could prove beneficial. Alternatively, because the problems of estrus and ovulation are gonadotropin-dependent, gonadotropic hormone administration could potentially help alleviate some of the problems observed in these groups more prone to reproductive failure.
